HD-A132  806  INJECTION  ATOMIZATION  IGNITION  AND  COMBUSTION  OF  LIQUID  1/1 
FUELS  IN  HIGH-SPE.  <U)  VIRGINIA  POLVTECHNIC  INST  AND 
STATE  UNI V  BLACKSBURG  DEPT  OFAA  .  J  A  SCHETZ  JAN  83 
UNCLASSIFIED  VPI-AERO-131  AFOSR-TR-83-0864  AFOSR-82-0159  F/G  21/2  NL 


&*■.*'’* 


S5S3a 


MICROCOPY  RESOLUTION  TEST  CHART 

NATION  At  BUREAU  OF  STANDAROS-1963-A  * 


V 


V 


AFOSR  Annual  Scientific  Report 
Grant  AFOSR  82-0159# 


Jan.  1983 
VP  I -Aero- 131 


> 


INJECTION,  ATOMIZATION,  IGNITION 
AND  COMBUSTION  OF  LIQUID 
FUELS  IN  HIGH-SPEED 
AIR  STREAMS 


Joseph  A.  Schetz 

Aerospace  and  Ocean  Engineering  Department 


AIR  FORCE  OFTTCS  OF  SCTSUrTFIC  RRSsARC** 
■NOTICE  OF  WJ*1TT.:L  TO  OTIC  ,  , 

Tills  technics!  ro>:rt  h-«a  VeP5'-  r^.'./  ‘ . 

approve-"-  -U. 

OISV.'I**  •’  >•:  :  ili-itSO. 


|WrTH&<  C.  JG-aVBR 

Chief,  Iechi»lcal  Information  Division 


SECURITY  CLASSIFICATION  of  THIS  PAOE  fWl«n  Dmm  Entorod) _ 


REPORT  DOCUMENTATION  PAGE  BEroREC0MPLETD?G>FORH 


2.  GOVT  ACCESSION  NOJ  »•  RECIPIENT**  CATALOG  NUMBER 


,  J  INJECTION.  ATOMIZATION,  IGNITION  annual- 

AND  COMBUSTION  OF  LIQUID  FUELS  IN  HIGH-SPEED  AIR  01  dec’ 81-31  dec  82 

STREAMS 


S.  TYRE  OP  REPORT  S  PERIOD  COVEREO 


authorw 
J  A  Schetz 


s.  performing  org.  report  number 

VPI-Aero-131 


S.  CONTRACT  OR  GRANT  NUMBER/*; 

AF0SR-82-01 59 


B.  PERFORMING  ORGANIZATION  NAME  AND  AODRESS 


Virginia  Polytechnic  Institute  and  State  Unlv. 
Aerospace  and  Ocean  Engineering  Department 


mirajmsmiimiVAi 


It.  CONTROLLING  OFFICE  NAME  ANO  AOORESS 

Air  Force  Office  of  Scientific  Research/NA 
Bldg.  410 


10.  PROGRAM  ELEMENT.  PROJECT,  TASK 
AREA  A  WORK  UNIT  NUMBERS 

61102F 

2308/A2 


12.  REPORT  DATE 

Jan  1983 


IS.  number  of  pages 


NCY  NAME  A  ADORES  S/ll  <N//*r* n>  from  Controlling  Olllco)  IS.  SECURITY  CLASS,  (ol  thlo  roportj 

Unclassified 


DECLASSIFICATION/ DOWNGRADING 
SCHEDULE 


LM  *  i 


ON  STATEMENT  fal  Mia  RaparlJ 


Approved  for  Public  Release;  distribution  unlimited 


IT.  DISTRIBUTION  STATEMENT  fa/  Ma  a*a tract  aalaraK  In  BlacA  20,  If  Nfffarant  from  Report; 


RET  WOROB  fCanll— a  an  raaaraa  dp*  II  noooooory  aN  Idontltr  A r  Mac*  tnmbor) 

Transverse  Injection,  Simulation,  Fuel  Injection,  Spray  Flume, 

Droplets 


ABSTRACT  fCaplWwa  an  rarer  aa  da*  if  noeooomr  ana  IWanMiy  *r  Mae*  man  bar;  v 

A  simulation  approach  to  studying  hot  flow  subsonic  cross-stream  fuel  In¬ 
jection  problems  In  a  less  complex  and  costly  cold  flow  facility  was  developed, 
•ml  MpICMnLadj1  A  typical  ramjet  combustion  chamber  fuel  Injection  problem 
mas  posed  where  ambient  temperature  fuel  (Kerosene)  Is  Injected  Into  a  hot 
alrstream.  Tills  case  was  transformed  through  two  new  similarity  parameters 
Involving  Injection  and  freestream  properties  to  a  simulated  case  where  a 
chilled  injectant  Is  Injected  Into  an  ambient  temperature  alrstream.  —> ) 


20.  (pout'd) 


amts  for  the  simulated  case  using  chilled  Freon-12  Injected  Into  the  ^ 
2X23 


mw-Tech  22X23  aa.  blow-down  wind  tunnel  at  a  freestream  Mach  number  of 
0.44  were  run.  Tbgjfreestream  stagnation  pressure  and  temperature  were  held  at 
2.5  atm.  and  300^K  respectively.  Thejresults  showed  a  clear  picture  of  the 
meclpnlsms  of  jet  decomposition  In  the  presence  of  rapid  vaporization, 
hmmdlately  after  injection  a  vapor  cloud  was  formed  In  the  jet  plume,  which 
dissipated  downstream  leaving  droplets  on  the  order  of  8  to  10  microns  In 
diameter  for  the  conditions  examined.  This  represents  a  substantial  reduction 
compered  to  baseline  tests  run  at  the  same  conditions  with  water  which  had 
Vlttle  vaporization.  The  desirability  of  using  slurry  fuels  for  aerospace 
application  has  long  been  recognized,  but  the  problems  of  slurry  combustion  have 
delayed  their  use.  The  present  work  Is  an  experimental  and  numerical  Investiga¬ 
tion  Into  the  break-up  and  droplet  formation  of  laminar  slurry  jets  Issuing  Into 
lascant  alr.^A  nozzle  with  a  0.74mm  diameter  orifice  was  vibrated  In  the  axial 
an  electro-mechanical  vibrator.  The  slurry  chosen  was  a  water 
liquid  phase  with  glass  beads  of  3-37  microns  In  diameter  for  the  solid  phase. 
The  velocity  of  the  jet  was  varied  between  O.S  and  3  meters  per  second  and  the 
disturbance  length  was  varied  between  3  and  6  jet  diameters.  Mass  loadings  of 
firms  llhtar  $0/ percentTwere  Investigated.  The  growth  due  to  capillary  forces 
of  the  disturbances  was  measured  from  photographs.  A  numerical  code  for  solving 
the  Navler-Stokes  equations  was  modified  by  the  addition  of  equations  simulating 
pprtlcles  In  the  flowfleld.  Experimentally  and  numerically.  It  was  found  that  a 
simple,  gross  variable  such  as  the  growth  rate  between  the  peaks  and  troughs  of 
the  slurry  could  be  predicted  by  extensions  of  the  linear  theory  of  Lord 
IHylelgh.  It  was  found,  however,  that  the  presence  of  particles  In  the  jet 
Caused  changes  In  the  detailed  shape  of  the  jet.  Break-up  of  the  jet  became 
fftegwlar  ween  particles  were  Introduced.  In  some  cases,  alternate  disturbances 
Showed  different  growth  rates  on  the  slurry  jets  causing  formation  of  much 
larger  drops  than  were  formed  by  the  liquid  jet.  The  numerical  analysis  pre¬ 
dicted  larger  satellite  drops  than  were  found  experimentally.  In  general,  the 
break-up  or  slurries  Is  less  predictable  and  more  sensitive  to  external  dls- 
turbance  than  the  liquid  jet. 
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Interest  In  the  ramjet/scramjet  field  due  to  the  potential  perform¬ 
ance  benefits  for  missile,  projectile  and  aircraft  propulsion  continues 
to  be  strong.  The  complex  physical  and  chemical  processes  resulting  from 
transverse  injection  of  liquid  and/or  liquid-slurry  fuel  jets  Into  high  speed 
airstreams  find  direct  application  In  these  and  several  other  propulsion- 
related  systems.  For  supersonic  airstreams,  these  Include  thrust  vector 
control  and  external  burning  In  the  wake  region  of  projectiles,  as  well  as 
scramjet  engines.  For  subsonic  airstreams,  the  other  applications  Include 
"dump"  combustors  on  devices  such  as  Integral  rocket  ramjets,  afterburners 
and  dumping  of  cooling  water  out  the  end  of  turbine  blades.  In  addition  to 
subsonic  ramjet  devices. 

% 

The  Important  phenomena  In  all  of  these  applications  Include  physical 
processes  associated  with  gross  penetration;  jet  fracture,  breakup  and 
atomization;  phase  separation  and.  In  some  chemical  processes  associated 
with  Ignition  and  combustion.  Studies  at  Virginia  Tech  during  the  subject 
time  period  concentrated  on  various  aspects  of  the  complex  physical  processes 
Involved. 


Effects  of  Physical  Properties 

The  effects  of  the  variation  of  vapor  pressure  with  temperature  of  a 
liquid  fuel  are  very  Important  In  describing  the  rate  of  fuel  evaporation 
along  the  jet  plume  as  It  Is  heated  by  the  air  stream  In  the  combustor. 
Studies  were  undertaken  to  develop  methods  of  simulating  these  phenomena 


under  cold-flow  test  conditions  and  to  make  measurements. 


Slurry  Jet  Break-up 

Numerical  and  experimental  studies  of  the  break-up  of  slurry  (particle¬ 
laden)  jets  In  air  are  to  be  performed  to  aid  In  developing  a  fundamental 
understanding  of  the  processes  Involved. 

Status  of  the  Research 
Effects  of  Physical  Properties 

A  simulation  approach  to  studying  hot  flow  subsonic  cross-stream  fuel 
Injection  problems  In  a  less  complex  and  costly  cold  flow  facility  was  de¬ 
veloped  and  Implemented.  The  simulation  problem  that  we  wish  to  address  can 
can  be  stated  as  follows.  If  all  the  mechanical  aspects  of  the  prototype  and 
model  Injection  problems  are  matched  except  heating,  how  can  the  effects  of 
heetlng  and  thus  vaporization  along  the  plume  be  simulated  with  an  ambient 
temperature  air  flow?  Thus,  we  will  require  at  least  close  matches  of:  1n- 
jector  size  and  shape,  Injectant  flow  rate  (expressed  as  q  s  p^Vj  /pj^  ) , 
crossflow  Kach  number  and  Injectant  density,  viscosity  and  surface  tension. 

HUS  would  be  enough  to  Insure  equivalence  If  heating  were  not  Important.  In 
the  prototype  case,  ambient  temperature  fuel  (e.g.  Kerosene)  Is  Injected  across 
a  hot  air  stream.  At  the  Injection  temperature,  the  vapor  pressure  Is  low, 
and  there  Is  little  evaporlzatlon.  As  the  liquid  Is  heated  along  the  trajectory 
of  the  jet,  the  vapor  pressure  rises  rapidly,  and  there  Is  substantial  evaporlza¬ 
tlon.  There  Is,  therefore,  some  time  history  of  temperature  (and  vapor  pressure) 
•long  the  plume,  and  that  Is  the  process  that  we  wish  to  simulate. 


To  put  this  all  on  a  rational  basis,  we  must  Introduce  nondlmenslonal 
expressions  Involving  the  vapor  pressure  and  the  driving  force  for  heating 
the  difference  between  the  Injection  temperature  and  the  air  stagnation 
temperature.  The  relevant  reference  point  for  the  local  vapor  pressure  Is 
the  static  pressure,  and  this  difference  can  be  normalized  with  the  dynamic 
pressure,  so  we  choose  the  parameter 


m  -  Pr(T)‘p- 

o(T)  =  T - 


y-V- 


Thls  can  be  recognized  as  what  Is  often  termed  a  Cavitation  Number  In  a 
different  context.  For  a  suitable  dimensionless  temperature  difference,  we 
choose  simply 

T*  a 

'o,- 

|y  physical  reasoning  then,  we  have  developed  a  simulation  procedure  that 
requires  matching  all  the  Mechanical  parameters  mentioned  earlier  and  now  T* 
and  o(Tj)  and  o(T0#-).  This  latter  point  Is  the  condition  that  the  liquid 
Jet  tends  toward  as  It  Is  heated  along  the  trajectory. 

For  this  Investigation,  an  example  case  was  chosen  to  demonstrate  how 
these  parameters  can  be  used  to  create  a  simulation  of  a  real  case  of  fuel  In¬ 
jection.  Consider  a  ramjet  engine  traveling  at  a  freestream  Mach  number  of 
2.1  at  60,000  ft.  Assuming  diffusion  to  a  Mach  number  of  0.44  In  the  combustor 
yields  a  stagnation  teagerature  of  405°K  In  the  combustor  entrance  plane  and 
a  stagnation  pressure  of  0.884  atm.  Now  consider  Kerosene  fuel  Injected  at 


wumwu  ivr  n-  *■  ■ 


*®jW  "  'S‘7 

(TJ’pro  ’  °'26 

After  Injection*  but  before  combustion  begins*  the  fuel  will  be  heated  and 
begin  the  vaporization  process.  The  maximum  value  the  fuel  would  be  heated 
te  would  be  tee  freestraan  stagnation  value  of  405°K.  At  this  temperature, 
tee  vepor  pressure  of  Kerosene  Is  2.993  atm.,  and 

(«.)pro  *  '7.6 
TOpro  ’  0 

Ibis  establishes  tee  endpoints  In  the  heating  process  for  the  hot  flow  case 
and  the  basis  for  tee  flow  problem  to  be  modelled.  The  task  now  becomes 
trams  tensing  tee  process  Into  one  which  can  be  Implemented  In  a  cold  flow 
mind  tunnel  facility. 

The  wind  tunnel  freestrean  Mach  number  was  taken  as  the  same  as  that  In 
tee  combustor  for  tee  real  case*  M  ■  0.44.  In  establishing  a  value  for 
stagnation  pressure*  a  compromise  must  be  reached  between  operable  values 
ter  the  wind  tunnel  available  and  the  satisfaction  of  matching  requirements. 
A  value  of  2.S17  ate  adequately  satisfied  these  needs,  generating  the 
preeaura  ratios  white  enter  In  a  later  discussion.  This  value  fixes  the 
frees traam  static  and  dynamic  pressures  at  2.204  and  0.313  atm.  respectively. 
The  stagnation  temperature  of  the  facility  was  teat  of  ambient  air  or  25°C. 
tilth  these  figures  to  work  with,  a  fluid  must  be  teund  such  that  the  values 
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of  o  and  T*  are  matched  with  the  real  case  at  injection  and  at  tunnel 
stagnation  conditions. 

At  Injection*  the  value  of  (T*)s^m  must  be  0.26.  Since  the  wind  tunnel 
stagnation  temperature  Is  known,  this  fixed  the  Injection  temperature  at 
-50*C.  Therefore,  a  model  fluid  had  to  be  found  with  a  vapor  pressure  of 
0.422  atm.  at  -50°C  In  order  to  match  the  conditions  at  Injection  (ct^ )s^m  * 
(oj)pro  *  *5*7.  Freon-12  Is  found  to  have  a  vapor  pressure  of  0.388  atm. 
at  -50*C.  Additionally,  the  model  fluid  must  have  a  vapor  pressure  of  7.483 
atm.  at  25°C  In  order  to  match  end  point  conditions  (0ee)s^m  *  (Opr„  * 
Freon-12  Is  found  to  have  a  vapor  pressure  of  6.802  atm  at  25°C.  The  physical 
property  values  and  density  are  also  a  reasonable  match  with  Kerosene.  The 
similarity  parameters  are  simmarlzed  as  follows: 


Kerosene 
Prototype 
(Hot  Flow)  Case 

Tj  •  25°C 

T0  -  T32°C 

0^  *  -5.7 

0.  •  17.6 

ij. .» 

Tj.O 


Freon-12 
Simulated 
(Cold  Flow)  Case 

Td  -  -50®C 

T  -  25#C 
o 

0^  *  -5.8 
a  -  15.0 

QO 


Viscosity  f  Tj  •  0.19 
oentlpolse 


Viscosity  @  Tj  »  0.26 
centl poise 


Specific  gravity  •  0.8 


Specific  gravity  *  1.3 


Surface  tension  0  T, 


19  dyne/ca 


Heat  of  vaporization  » 
39. 5  cal/gram 


spark  photographs  of  Freon-12  Injected  at 
arranged  In  order  of  Increasing  Injectant 
*ch1111ng"  starting  from  the  -S0°C  si aula  ted  point). 
"cleed-THEe''  appearance  of  the  plume.  This 


possible, 


of  Individual  drop- 
mever,  to  view  larger  droplets  In 

s  of  Initial  jet  decomposition 
hat  a  mechanism  similar  to 
nation  of  the  Injectant  along 
tile  jet  plume.  As  the 
scan  that  the  fog  1$ 


was  the  penetration  of 
cate  In  the  test  matrix,  a  streak 
mad  to  determine  a  judicious  place- 
Addltlonally,  the  penetration  was 
downstream  of  the  Injector  for  each 
non-dimensional  penetration  (h/dj ) 

»  there  Is  a  mall  reduction  In 

to  non-evaporating  water 


Injection. 

The  next  step  In  the  Investigation  was  to  obtain  a  droplet  size  dis¬ 
tribution  for  the  cases  studied.  The  results  of  these  measurements  are 
shorn)  In  Fig.  No.  2  for  the  case  of  water  at  q  *  1  and  4.  The  X  and  y/h 
exes  locate  the  space  coordinates  along  the  plume  and  mean  droplet  diameters 
are  plotted  along  the  normal  axis.  These  results  show  that  for  Injection 
at  q  ■  4  the  larger  droplets  Initially  occupy  a  region  close  to  the  upper 
edge  of  the  plume.  As  they  are  carried  downstream  they  become  more  evenly 
distributed  along  the  plume  centerline  and  then  gradually  settle  closer  to 
the  Injection  plane.  It  should  also  be  noted  that  the  droplet  diameters 
are  decreasing  In  the  downstream  direction  as  further  atomization  and 
evaporation  take  place. 

The  results  fbr  water  Injected  at  q  »  1  show  slightly  different  droplet 
distribution.  At  all  stations  considered,  the  larger  droplets  remained  In 
the  lower  portion  of  the  jet  plume.  Again,  as  the  droplets  travel  downstream 
the  mean  droplet  diameters  decrease.  It  can  also  be  observed  that  at 
virtually  all  stations,  the  droplets  are  larger  for  the  lower  Injection  rate. 
The  results  can  be  generalized  as  follows;  1)  by  Increasing  q,  which  Is 
proportional  to  the  jet  velocity  squared,  the  degree  of  atomization  Is  In¬ 
creased,  and  smaller  droplets  result,  2)  as  the  downstream  distance  from  the 
Injector  Increases,  the  mean  droplet  diameter  decreases,  and  3)  the  larger 
droplets  eventually  migrate  to  the  lower  portion  of  the  plume  for  the  case 
ef  a  higher  dynamic  pressure  ratio,  whereas  for  a  lower  q,  the  larger  drop¬ 
lets  are  always  found  close  to  the  wall. 

As  was  previously  mentioned  from  the  spark  shadowgraphs,  a  cloud  of  very 
Mali  droplets  surrounds  the  jet  plume  when  the  readily  evaporated  Freon-12 


Is  injected.  This  cloud  presents  problems  for  the  droplet  size  measure- 
nents  because  the  method  Is  based  on  the  scattering  of  light  and  the  cloud 
presents  problems  because  of  Increased  absorption  of  the  laser  beam  and 
multiple  scattering.  It  was  found,  however,  that  measurements  could  be 
made  farther  (towns tream  after  some  of  the  cloud  had  evaporated.  The  results 
from  Freon-12  Injected  at  q  *  4  and  Tj  =  -10,  -30,  -50°C  are  shown  in  Fig. 

No.  3.  Upon  examining  the  data  for  the  model  case,  (Tj  *  -50°C,  *  -5.8, 

TJ  »  .26)  with  q  «  4  It  can  be  seen  that  the  profile  of  the  droplet  sizes  Is 
similar  to  water  with  the  larger  droplets  lower  In  the  plume.  However,  the 
droplet  diameters  have  been  reduced  an  average  of  55%  from  the  water  case. 

By  raising  the  Injection  temperature  to  -30°C,  a  Is  Increased  by  33%  and  T* 
is  decreased  T*  by  27%,  thereby  Increasing  the  rate  of  evaporation.  In  doing 
this,  the  average  droplet  diameter  at  this  station  drops  10%  over  the  model 
case.  By  Increasing  the  Injection  temperature  even  further  to  -10°C,  T*  Is 
decreased  an  additional  27%  and  a  Is  Increased  to  0.16  where  the  Freon  Is  in¬ 
jected  as  a  nearly  saturated  liquid.  For  this  case,  the  average  droplet  size 
Is  decreased  an  additional  6%. 

This  work  Is  reported  In  detail  In  AIAA  Paper  No.  83-0419. 


The  desirability  of  using  slurry  fuels  for  aerospace  application  has 
tong  been  recognized,  but  the  problems  of  slurry  combustion  have  delayed 
their  use.  The  present  work  Is  an  experimental  and  numerical  Investigation 
Into  the  break-up  and  subsequent  droplet  formation  of  laminar  slurry  jets 
tstulng  Into  quiescent  air.  A  nozzle  with  a  0.74  mm  diameter  orifice  was 


vibrated  In  the  axial  direction  with  an  electro-mechanical  vibrator.  The 
vibrations  regulated  the  break-up  of  the  jet  Issuing  from  the  nozzle.  For 
the  experiments  the  slurry  chosen  was  a  water  liquid  phase  with  glass  beads 
of  3-37  microns  In  diameter  for  the  solid  phase.  The  velocity  of  the  jet 
was  varied  between  0.5  and  3  meters  per  second  and  the  disturbance  length 
was  varied  between  3  and  6  jet  diameters.  Mass  loadings  of  from  10  to  50 
percent  were  Investigated.  The  growth  due  to  capillary  forces  of  the  dis¬ 
turbances  was  measured  from  photographs.  A  numerical  code  for  solving  the 
Navler-Stokes  equations  developed  by  Los  Alamos  Scientific  Laboratories  was 
modified  by  the  addition  of  equations  simulating  particles  In  the  flowfield. 
This  modified  code  was  employed  to  calculate  the  velocity  distribution,  the 
pressure  distribution  and  the  shape  of  slurry  jets  under  the  action  of  surface 
tension.  Experimentally  and  numerically.  It  was  found  that  a  simple,  gross 
variable  such  as  the  growth  rate  between  the  peaks  and  troughs  of  the  slurry 
could  be  predicted  by  extensions  of  the  linear  theory  of  Lord  Rayleigh.  It 
was  found,  however,  that  the  presence  of  particles  In  the  jet  caused  changes 

In  the  detailed  shape  of  the  jet.  Break-up  of  the  jet  became  Irregular  when 

particles  were  Introduced.  In  some  cases,  alternate  disturbances  showed 
different  growth  rates  on  the  slurry  jets  causing  formation  of  much  larger 
drops  than  were  formed  by  the  liquid  jet.  The  numerical  analysis  predicted 
larger  satellite  drops  than  were  found  experimentally.  In  general,  the  break¬ 
up  of  slurries  Is  less  predictable  and  more  sensitive  to  external  disturbance 
than  the  liquid  jet. 

The  all -liquid  jet  broke  up  Into  regular  droplets.  Typical  results  for 
this  may  be  seen  In  Fig.  No.  4.  The  effect  of  large  amplitude  Initial 

disturbance  and  the  nearness  of  the  jet  (60  mm  upstream)  are  apparent  in 

this  figure.  The  wavelength  of  the  disturbance  Is  about  4.6  diameters. 


Under  the  same  test  conditions,  regular  stable  break-up  of  the  slurry 
was  extremely  difficult  to  achieve.  Results  of  experiments  with  slurries 
are  shown  in  Fig.  Nos.  5  through  7.  Figure  5  Is  a  back-lighted  photograph 
of  a  slurry  jet  with  a  disturbance  wavelength  of  3.85  diameters  and  a  mass 
loading  of  14  percent.  In  each  of  the  photographs,  the  jet  Is  directed 
vertically  downward,  the  scale  on  the  left  Is  In  centimeters  and  the  dark 
objects  near  the  center  of  Fig.  Nos.  4,  6  and  7  are  cylindrical  wires  of 
0.711,  0.742,  and  0.787  mm  diameter.  Though  In  these  photographs  the  growth 
of  the  waves  Is  fairly  regular,  lack  of  symmetry  Is  apparent.  The  slurry 
jet,  for  all  conditions  tested.  Is  not  as  stable  as  the  liquid  jet  and  will 
not  readily  break  Into  uniform  equally  spaced  droplets. 

The  negatives  for  the  photographs  of  the  experiments  were  placed  In  a 
precise  optical  comparator.  The  swells  and  necks  of  the  jet  disturbances 

* 

were  measured  to  0.02  m  accuracy.  The  time  between  successive  disturbances 
was  calculated  from  the  known  frequency  of  the  Initial  disturbance.  Non- 
dimensional  1  zed  graphs  of  the  results  of  four  of  these  photographs  are  shown 
In  Figure  8  through  11.  The  N1nnerM  data  points  refer  to  the  growth  of  the 
necks,  the  "outer"  data  points  refer  to  the  swells  and  the  solid  line  Is  a 
least  squares  fit  through  the  data  points.  The  graphs  In  Figures  8  through 
11  are  taken  from  the  data  shown  In  Figures  4  through  7.  By  comparing 
Figure  8  to  Figures  9,  10  and  11,  the  Increase  In  Irregularity  and  data 
scatter  which  Is  always  present  In  the  slurry  Is  apparent. 

This  work  Is  still  In  progress.  The  results  obtained  to  date  are  de¬ 
scribed  In  AIM  Paper  No.  83-0057. 
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Interactions 

Various  groups  In  government,  universities  and  Industry  continue 
to  use  our  results  published  In  the  open  literature  for  design  and  to 
support  further  research.  In  1982,  we  have  also  been  contacted  directly 
by  engineers  from  the  Atlantic  Research  Corp.,  Southwest  Research  Inst., 
NASA  Langley  Research  Center,  Applied  Physics  Lab.,  and  Carnegle-Mellon 
and  Princeton  Universities. 
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